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Abstract
The RecQ-like DNA helicase family is essential for the
maintenance of genome stability in all organisms. Sgs1, a
member of this family in Saccharomyces cerevisiae, regulates
early and late steps of double-strand break repair by
homologous recombination. Using nuclear magnetic resonance
spectroscopy, we show that the N-terminal 125 residues of Sgs1
are disordered and contain a transient α-helix that extends from
residue 25 to 38. Based on the residue-specific knowledge of
transient secondary structure, we designed proline mutations to
disrupt this α-helix and observed hypersensitivity to DNA
damaging agents and increased frequency of genome
rearrangements. In vitro binding assays show that the defects of
the proline mutants are the result of impaired binding of Top3
and Rmi1 to Sgs1. Extending mutagenesis N-terminally revealed
a second functionally critical region that spans residues 9–17.
Depending on the position of the proline substitution in the
helix functional impairment of Sgs1 function varied, gradually
increasing from the C- to the N-terminus. The multiscale
approach we used to interrogate structure/function
relationships in the long disordered N-terminal segment of Sgs1
allowed us to precisely define a functionally critical region and
should be generally applicable to other disordered proteins.

https://academic.oup.com/nar/article/41/22/10215/2438341
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Subject: Protein-nucleic acid interaction, Chromatin and
Epigenetics, Nucleic Acid Enzymology
Issue Section: Gene Regulation, Chromatin and Epigenetics

INTRODUCTION
The maintenance of genome stability is essential for organismal
survival. A complex and diverse system of proteins has evolved to
accomplish this function. Sgs1 of Saccharomyces cerevisiae is a 3–5′
DNA helicase that belongs to the evolutionarily conserved RecQ
helicase family whose members function in the maintenance of
genome stability. Named after the RecQ helicase of Escherichia coli,
members of this helicase family have been identified in all organisms,
including five homologs in humans (RecQ1, BLM, WRN, RecQL4,
RecQL5) (1). Mutations in BLM, WRN and RecQL4 are associated with
Bloom syndrome, Werner syndrome and Rothmund–Thompson
syndrome, respectively, which are characterized by elevated levels of
aberrant recombination events, chromosome instability and
extraordinary predisposition to cancer development early in life (1).
Saccharomyces cerevisiae cells that lack Sgs1 exhibit several
phenotypes that are similar to those of cells from persons with Bloom
syndrome, most notably dysregulated homologous recombination,
hypersensitivity to DNA-damaging agents, meiotic defects and cell
cycle delay (2,3). These defects are caused when the helicase activity
of Sgs1 is inactivated by mutations in the ATPase domain or the RecQ
C-terminal domain, which together make up the helicase core. Also
located in the C-terminal half of Sgs1 is the Helicase and RNAase D Cterminal (HRDC) domain thought to be involved in DNA substrate
binding and protein–protein interactions. These domains are
conserved in most RecQ homologs; they are structurally ordered and
crystal structures of this region have been reported for E. coli RecQ
and human RecQ1 (4,5). In contrast, the N-terminal half of Sgs1 is
devoid of conserved catalytic domains and provides binding sites for
proteins with roles in DNA metabolism, including the topoisomerases
Top2 and Top3, replication protein Rpa70, Rad16 and Srs2 (2,6–8).
https://academic.oup.com/nar/article/41/22/10215/2438341
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Interaction with the Top3 homologs has also been shown for human
BLM, RecQ1 and RecQ5, and the RecQ homolog of Schizosaccharomyces
pombe, Rqh1 (9–12). Superhelical relaxation activity and Hollidayjunction dissolution activity of these topoisomerase/helicase
complexes is greatly enhanced by interaction with the RecQmediated genome instability 1 (Rmi1) protein (13–15).
One of the most important functions of the Sgs1 N-terminus is the
interaction with the Top3/Rmi1 complex (BLM/Topo IIIα/Rmi1/Rmi2
in humans, Rqh1/Top3/Rmi1 in S. pombe) (13–16). The Top3 binding
site is within the first 100–158 residues of Sgs1 (17–19). The loss of
this region produces more severe phenotypes that exhibit slower
growth and higher sensitivity to DNA damage than those produced by
loss of Sgs1 alone (3). This may be due to toxic intermediates
produced by Sgs1 that accumulate during homologous recombination
and require Top3 decatenation for resolution. Despite the fact that
Sgs1 and BLM bind Top3 and its human homolog Topo IIIα,
respectively, there is little primary sequence similarity between the
N-terminal regions where these interactions are predicted to occur.
Both N-termini are predicted to be intrinsically disordered (20),
which may help explain their level of sequence divergence (21,22).
Such intrinsically disordered proteins/regions (IDPs/IDRs) are
widespread in eukaryotes and function arises from an ensemble of
conformations that contain varying degrees of secondary structure
and rarely form transient tertiary contacts (21,23–28). A high
percentage of eukaryotic proteins are predicted to contain significant
stretches (>30 residues) of disorder; in S. cerevisiae, 50–60% of the
total proteome are IDPs/IDRs, and a survey of cancer-associated
human proteins found that ∼79% of the proteins in the database are
IDPs/IDRs (29,30).
Using multidimensional heteronuclear nuclear magnetic resonance
(NMR) spectroscopy, we have identified a short segment within the
first 125 residues of the intrinsically disordered N-terminus of
unbound Sgs1 that has transient α-helical structure whose integrity is
essential for Sgs1 function in vivo. We have rationally designed single
amino acid substitutions that disrupt transient α-helices. Some of
these mutations eliminate Top3 binding to Sgs1, cause DNA damage

https://academic.oup.com/nar/article/41/22/10215/2438341
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hypersensitivity and induce spontaneous chromosomal
rearrangements.

MATERIALS AND METHODS
Expression and purification of peptides for NMR
spectroscopy
Methods were based on a previously described procedure for the
1−125

expression of an IDP (31). Plasmid pKHS443, expressing Sgs1

, was

constructed by inserting the first 375 bp of SGS1 into pET28a
(Novagen) using NdeI and BamHI sites. Plasmid pKHS463, expressing
1−80

Sgs1

, was constructed by introducing a stop codon after 240 bp in

pKHS443. pKHS443 or pKHS463 was transformed into E. coli BL21
(DE) cells and grown at 37°C in 2 l of M9 media (42 mM Na2HPO4, 22
mM KH2PO4, 8 mM NaCl, 2 mM MgSO4, 11 mM D -glucose, 0.1 mM
CaCl2, 10 µM FeCl3, 1 mg of Vitamin B1/L, pH 7.3) plus 200 mg of
15

ampicillin, supplemented with N

13

ammonium chloride and C

glucose. Protein expression was induced at OD600 = 0.6 for 3 h with 1
mM Isopropyl-beta-D-thiogalactopyranoside (IPTG) at 37°C. Cells
were harvested via centrifugation at 8000 rpm before being
resuspended in buffer A1 (50 mM NaH2PO4, 300 mM NaCl, 10 mM
imidazole, pH 8.0) and lysed at 19 000 psi via French press. The lysate
was cleared via centrifugation (18 000 rpm, 1 h, 4°C) and the
supernatant was loaded onto a 30 ml Ni-NTA column on an AKTA
FPLC. The column was washed with 5 column volumes of buffer A2
(50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0), and the
peptide was eluted in buffer B (50 mM NaH2PO4, 300 mM NaCl, 300
mM imidazole, pH 8.0). Fractions containing the eluted protein were
pooled and dialyzed into 50 mM Tris (pH 8.0) and 100 mM NaCl. The
fractions were treated with 1 ml CleanCleave thrombin beads (Sigma)
at room temperature for 8 h to remove the N-terminal (HIS)6 tag.
Cleaved proteins were dialyzed into gel filtration buffer (50 mM
NaH2PO4, 300 mM NaCl, 1 mM EDTA, 0.02% NaN3, 4 mM DLDithiothreitol (DTT), pH 7), then concentrated to a volume of 10 ml
and loaded onto a 120-ml GE Hiload 16/60 Superdex 70 column via
fast protein liquid chromatography (FPLC) and harvested over four
https://academic.oup.com/nar/article/41/22/10215/2438341
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2.5-ml runs. Fractions containing the peptide were pooled and
dialyzed into NMR buffer (50 mM NaH2PO4, 100 mM NaCl, 1 mM
EDTA, 0.02% NaN3, 4 mM DTT, pH 6.8) before being concentrated to
1−125

600 µl (150 µM for Sgs1

1−80

; 690 µM for Sgs1

1−80

, 160 µM for Sgs1

-

F30P).

NMR analysis
1−80

NMR data for Sgs1

1−80

and Sgs1

-F30P were collected at 25°C on a

Varian VNMRS 800 MHz spectrometer equipped with a triple
resonance pulse field Z-axis gradient cold probe. To make the amide
1

H and

15

N as well as

13

13

1

15

C,

Cβ and

13

CO resonance assignments,

sensitivity enhanced H- N heteronuclear single quantum
correlation (HSQC) and three-dimensional HNCACB and HNCO
experiments were performed on a uniformly
1−80

15

N- and

13

C-labeled

1−80

sample of Sgs1

at 470 µM (or Sgs1

-F30P at 160 µM) in 90%

H2O/10% D2O, phosphate buffered saline (PBS) buffer, at a pH of 6.8
1

(32–34). For the HNCACB experiment, data were acquired in H,
and

13

C

15

N dimensions using 9615.3846 (t3) × 16 086.4648 (t2) × 2000

(t1) Hz sweep widths, and 512 (t3) × 128 (t2) × 32 (t1) complex data
points. For the HNCO, the sweep widths were 9615.3846 (t3) × 2000
(t2) × 2000 (t1) Hz, complex data points were identical to the HNCACB.
The sweep widths and complex data points of the HSQC were
9615.3846 (t2) × 2100 (t1) Hz and 1024 (t2) × 128 (t1), respectively.
Processing and analysis of the HNCACB data resulted in 66
1

nonproline amide H,
proline

13

Cα and

15

N,

13

Cα and

13

13

Cb resonance assignments plus 8
1

15

Cβ resonance assignments. H- N steady-state

nulcear Overhauser effect (NOE) experiments were recorded at 25°C
on a Varian VNMRS 600 MHz spectrometer equipped with a triple
resonance pulse field Z-axis gradient cold probe in the presence and
1

absence of a 120 off-resonance H saturation pulse every 5 ms for 3 s.
A total of 512 (t2) × 128 (t1) complex points were recorded with 128
scans per increment with the sweep widths set to 7225.4335 (t2) ×
1

15

1700 (t1) Hz. The H- N heteronuclear Overhauser effect (NHNOE)
values were determined by taking the quotient of the intensity for
resolved resonances in the presence and absence of proton
saturation. Three measurements were made on each protein and the
1−125

values were averaged. Resonance assignments for Sgs1
https://academic.oup.com/nar/article/41/22/10215/2438341
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carried out at 25°C on a Varian VNMRS 600 MHz spectrometer
equipped with a triple resonance pulse field Z-axis gradient cold
1

15

probe. To make the amide H and

N as well as

13

1

Cα,

15

13

Cβ and

13

CO

resonance assignments, sensitivity-enhanced H- N HSQC and
three-dimensional HNCACB and HNCO experiments were performed
on a uniformly

15

N- and

13

C-labeled sample at 150 µM in 90%

H2O/10% D2O, PBS buffer, at pH 6.8. For the HNCACB experiment,
1

data were acquired in H,

13

C and

15

N dimensions using 7225.4335 (t3)

× 12 064.1295 (t2) × 1499.9813 (t1) Hz sweep widths, and 512 (t3) × 108
(t2) × 32 (t1) complex data points. For the HNCO, the sweep widths
were 7225.4335 (t3) × 1500 (t2) × 1499.9813 (t1) Hz, and 512 (t3) × 74
(t2) × 32 (t1) complex data points. For the HNCACO, the sweep widths
were 7225.4335 (t3) × 12 000 (t2) × 1499.9813 (t1) Hz, and 512 (t3) × 70
(t2) × 28 (t1) complex data points. Processing and analysis of the data
1

resulted in 87 nonproline amide H,
assignments plus 12 proline

13

15

Cα and

N,

13

13

13

Cα and

Cb resonance

Cβ resonance assignments. All

NMR spectra were processed with nmrPipe and analyzed using
1

nmrView software (31,35,36). Apodization was achieved in the H,
and

13

C

15

N dimensions using a squared sine bell function shifted by 70°.

Apodization was followed by zero filling to twice the number of real
data points and linear prediction was used in the

15

N dimension of the

HNCACB.

Hydroxyurea hypersensitivity assay
Yeast strain KHSY1338 (ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2ΔBgl,
hom3-10, ade2Δ1, ade8, YEL069C::URA3, sgs1::HIS3) was transformed
with derivatives of plasmid pRS415-SGS1 (Supplementary Table S1)
by standard lithium-acetate transformation (37) and selected on
synthetic complete media lacking leucine (SC-Leu). Transformants
were grown in liquid SC-Leu to OD600 = 0.5, then plated in 10-fold
dilutions on YPD (yeast extract/peptone/dextrose) and on YPD
supplemented with 100 mM hydroxyurea (HU). Colony growth at
30°C was documented after 3–5 days.

Top3 and Rmi1 binding assay
https://academic.oup.com/nar/article/41/22/10215/2438341
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1−250

Plasmid pKHS462, expressing GST-Sgs1

, was constructed by

inserting the first 750 bp of SGS1 into pGEX-6p-2 (GE Healthcare)
using BamHI and XhoI sites. The Sgs1 fragment was expressed in E.
coli BL21 (DE) cells in LB media (10 g/l tryptone, 5 g/l NaCl, 5 g/l Yeast
extract) supplemented with 1.5 mg ampicillin for 3 h in the presence
of 1 mM IPTG. The cell pellet was resuspended in 100 µl GST buffer
(125 mM Tris, 150 mM NaCl, pH 8.0) plus HALT protease inhibitors
(Pierce) and sonicated for 10 × 3 pulses. Lysate was cleared by
centrifugation at 14 000 rpm for 10 min at 4°C. Glutathione magnetic
beads (Pierce) were then incubated with 625 µg of cleared lysate for 1
h at 4°C, and washed three times with GST buffer. Native yeast
whole-cell extract containing endogenous levels of Top3 and/or Rmi1
was prepared from a culture of KHSY2497 (MATα, ura3Δ0, leu2Δ0,
his3Δ1, lys2Δ0, TOP3.V5.VSV.KANMX6, Open Biosystems), KHSY4695
(MATα, ura3Δ0, leu2Δ0, his3Δ1, lys2Δ0, rmi1::HIS3,
TOP3.V5.VSV.KANMX6) or KHSY4696 (MATα, ura3Δ0, leu2Δ0, his3Δ1,
lys2Δ0, TOP3.V5.VSV.KANMX6, RMI1.myc.HIS3MX6) grown at 30°C in
YPD overnight. To construct a top3Δ yeast strain that expresses mycepitope tagged Rmi1, a diploid generated by mating RDKY3837
(MATa, ura3-52, trp1Δ63, his3Δ200, leu2Δ1, lys2Bgl, hom3-10, ade2Δ1,
ade8, top3::TRP1) and KHSY4696 (MATα, ura3Δ0, leu2Δ0, his3Δ1,
lys2Δ0, TOP3.V5.VSV.KANMX6, RMI1.myc.HIS3MX6) was sporulated (38)
to isolate a top3::TRP1, RMI1.myc.HIS3MX6 haploid (KHSY4741) by
genotyping on selective media. The presence of the top3::TRP1 and
RMI1.myc.HIS3MX6 alleles was also confirmed by polymerase chain
reaction. Yeast cells were collected by centrifugation at 2000 rpm for
4 min, washed and resuspended in Top3/Rmi1 buffer (50 mM Tris, pH
7.5, 0.01% NP-40, 5 mM β-glycerol phosphate, 2 mM magnesium
acetate, 120 mM NaCl) plus HALT protease inhibitors (Pierce). The
suspension was lysed via French press at 19 000 psi or in a
BeadBeater (Biospec Products, Inc.) by beating three times for 1 min.
Lysates were cleared by centrifugation at 14 000 rpm for 15 min at
4°C. Cleared yeast lysate of 20 (KHSY2497, KHSY4695) or 10 mg
(KHSY4696, KHSY4741) was incubated with Sgs1-bound magnetic
beads for 90 min at room temperature on a nutator. Beads were
washed four times with Top3/Rmi1 buffer plus HALT protease
inhibitors (Pierce) and boiled for 10 min in Laemmli buffer (BioRad).
Beads were collected by centrifugation and eluted protein complexes
https://academic.oup.com/nar/article/41/22/10215/2438341
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were separated by 10% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). Presence of Sgs1 fragments, Top3 and
Rmi1 and was determined by western blotting using monoclonal
antibodies against GST (Covance), VSV (Sigma) and myc (Covance)
epitopes, respectively.

Gross-chromosomal rearrangement assay
Accumulation of cells that had undergone simultaneous inactivation
of the URA3 and CAN1 genes on chromosome V was determined as
previously described (39) except that cells were grown in the absence
of leucine to select for the presence of the pRS415-derived plasmids
expressing the desired sgs1 mutants. Briefly, yeast strain KHSY1338
was transformed with derivatives of plasmid pRS415-SGS1
containing proline mutations (Supplementary Table SI) and grown to
saturation at 30°C in 10 ml of SC-Leu. Cells were washed in water and
plated on selective media containing canavanine (can) and 5-fluoroorotic acid (5-FOA) to select for cells with inactive CAN1 and URA3
genes. Cells were also plated on SC-Leu media to obtain a viable cell
count. After incubation at 30°C, viable cell count was determined
after 3 days, and colonies on 5-FOA/can were counted after 5 days.
Mutation rates and 95% confidence intervals were calculated from 6
to 16 cultures as previously described (39,40).

Preparation of yeast whole-cell extracts by
trichloroacetic acid extraction
To assess expression levels of Top3 and Rmi1 in rmi1::HIS3 and
top3::TRP1 strains, respectively, yeast cultures were grown in YPD
with vigorous shaking and 10 ODs were harvested by centrifugation at
2000 rpm for 2 min. To assess expression levels of sgs1-F30P and
sgs1-H13P, the 3′-end of SGS1 in pKHS481 was fused to the mycepitope amplified from pFA6a-13Myc-HIS3MX6 (41) by gap repair of
SacI-linearized pKHS481 to generate pKHS596. F30P and H13P
mutations were introduced into pKHS596 by QuikChange
mutagenesis (Agilent Technologies) to generate pKHS598 and
pKHS600, respectively. Cell pellets were washed in water and
resuspended in ice-cold 20% trichloroacetic acid (TCA) and vortexed
https://academic.oup.com/nar/article/41/22/10215/2438341
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in a cell disruptor (USA Scientific) with acid-washed glass beads for 4
min at maximum speed. Cell lysate was cleared at 14 000 rpm for 3
min. The pellet was resuspended in Laemmli buffer, adjusted to
neutral pH and boiled for 2 min before separation by 10% SDS-PAGE.
Presence of Top3.VSV, Rmi1.myc, Sgs1.myc and GAPDH was
determined by western blotting using monoclonal antibodies against
VSV (Sigma) and myc (Covance) epitopes, and against GAPDH
(Pierce), respectively.

RESULTS
The first 125 residues of the structurally
disordered N-terminus of Sgs1 contain two
transient α-helices
Sgs1 is a modular protein containing both ordered and disordered
domains. The ATPase domain, zinc-binding domain, winged-helix
domain and the HRDC domain make up the structurally ordered Cterminal half of Sgs1. In contrast, most of the N-terminal half of Sgs1
(residues 1–654) is predicted to be disordered (20,42). This is also the
case for other members of the RecQ helicase family, most notably S.
pombe Rqh1 and human BLM.
A previous study has shown that the first 158 residues of Sgs1 are
sufficient for binding to the topoisomerase Top3 (18). It is well
established that short segments within longer disordered regions will
undergo coupled folding and binding in the presence of protein
binding partners (43–45). Disorder predictors like IUPred (46) will
frequently display short dips into the ordered region (disorder
tendency < 0.5) that correspond to these protein binding sites, and it
is expected that these regions will contain some degree of transient
secondary structure. The lowest dips in the IUPred plot of the first 158
residues of Sgs1 correspond to residues E24 and Y102 (Figure 1). To
determine whether these small segments within the disordered Nterminus of Sgs1 could adopt functionally significant secondary
structures, we characterized the solution structure of the first 125
15

residues of Sgs1 using NMR spectroscopy. Single ( N)- and double
https://academic.oup.com/nar/article/41/22/10215/2438341
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15

13

1−125

( N/ C)-labeled samples of Sgs1

were overexpressed in E. coli

and purified to apparent homogeneity. The double-labeled sample
was used to measure the HSQC spectrum (Figure 2) as well as the
triple resonance spectra that were used to make resonance
assignments. The HSQC spectrum shows narrow chemical shift
1

dispersion in the H dimension (7.85–8.5 ppm), consistent with a
disordered peptide (47–49). The

15

N-labeled sample was used to

measure the NHNOE. NHNOE values are sensitive to the rotational
correlation time for the residue of interest. In disordered regions,
small positive NHNOE values indicate regions that are less dynamic
and typically correlate with the presence of transient secondary
structure, and negative NHNOE values indicate highly dynamic
1−125

regions. The NHNOE values observed for Sgs1

are consistent with

a mostly disordered protein that contains two transiently ordered
regions centered on residues F30 and E92 (Figure 3a). Alpha carbon
secondary chemical shifts (CAΔδ) were calculated for every residue by
subtracting the amino acid–specific random coil chemical shift
values for CA from the measured values (50). This is a reliable method
for identifying the presence of transient secondary structure in IDPs
(51–53). The presence of transient α-helical secondary structure in
1−125

Sgs1

was indicated by consecutive positive CAΔδ values for

residues 23–34 and 88–97 (Figure 3b).

https://academic.oup.com/nar/article/41/22/10215/2438341
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Figure 1.

Prediction of intrinsically unstructured regions in Sgs1. Disorder scores are from
IUPred (46) with scores >0.5 predicting disordered residues and scores <0.5
predicting ordered residues. Residues 1–158 (upper panel) are predicted to be
mostly disordered with two short segments around residues E24 and Y102 dipping
into the ordered region.

https://academic.oup.com/nar/article/41/22/10215/2438341
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Figure 2.

1–125

HSQC spectra of the first 125 residues of Sgs1 (Sgs1
) and the first 80 residues
1–80
1
of Sgs1 (Sgs1
). Narrow chemical shift dispersion in the H dimension in both
1–125

1–80

the HSQC spectra of the long (Sgs1
) and short (Sgs1
) peptide are
consistent with a disordered peptide. The overlay of the long and short peptide
(Merged) shows little discrepancy in the peak assignments between the two
proteins, implying conservation of structural elements, even with the truncation.

https://academic.oup.com/nar/article/41/22/10215/2438341
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Figure 3.

1–125

Measurement of NHNOE and secondary alpha carbon shifts (CAΔδ) of the Sgs1
1–80
peptide and the Sgs1
peptide. Consecutive positive values in the NHNOE plot
1–125

1–80

for the Sgs1
peptide (a) and the Sgs1
peptide (c) indicate regions with a
slower rotational correlation time that may adopt secondary structure.
Consecutive positive secondary alpha carbon chemical shifts (CAΔδ) between
residues 88 and 97 (b) and between residues 25 and 38 (d) indicate the presence of
α-helical secondary structure in the unbound Sgs1 peptide as compared with
standard chemical shifts in a random coil library (48,50).

Several clusters of overlapping resonances in the HSQC and HNCACB
spectra, and repeating amino acid motifs (e.g. Thr-Ala-Thr) limited
resonance assignments to 77% of the nonproline residues for the
1−125

Sgs1

fragment. Several of the residues that could not be assigned

were in or near the two transient α-helical segments preventing an
identification of the helix boundaries. To develop a more complete
picture of the first helical region, NMR analysis of a shorter Sgs1
1−80

fragment containing residues 1–80 (Sgs1

) was performed. Using

this fragment, we were able to assign 93% of the nonproline
resonances in the HSQC spectrum (Figure 2) and to fill in the gaps in
the secondary

13

Cα chemical shift analysis (Figure 3c and d). The
1−80

overlap between the HSQC spectra of the Sgs1

1−125

and the Sgs1

peptides indicates that elimination of 36% of the residues of the
1−125

Sgs1

peptide (45 residues) did not affect the solution structure of

the first 80 residues of Sgs1, consistent with this being a disordered
region. Secondary

13

Cα chemical shift analysis indicates the presence

of α-helical secondary structure for residues 25–38 and residues 88–
https://academic.oup.com/nar/article/41/22/10215/2438341
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97 within this disordered region (Figure 3b and d). However, as
mentioned above, helical states for both regions are transient
because secondary shift values of > 2.6 δppm would be expected for
13

Cα in a persistent α-helix (51).

Functional mapping of α-helices by proline
mutagenesis
To determine if the transient α-helical structures for residues 25–38
and 88–97 are important for Sgs1 function, residues with the highest
NHNOE and CAΔδ values in each helical region were replaced with
prolines—a known helix breaker. V29 and F30 in the first helical
region and W92 and L93 in the second helical region were changed to
proline in the context of full-length Sgs1. Cells expressing the mutant
helicases were plated on media containing 100 mM of the DNAdamaging agent HU (Figure 4). While the sgs1-V29P and sgs1-F30P
mutants were as sensitive to HU as the sgs1Δ mutant, neither the
W92P nor the L93P mutation caused increased sensitivity (Figure 4a
and b), indicating that the α-helical structure centered on V29 and
F30 contributes to Sgs1’s role in DNA damage repair, whereas that
centered on W92 and L93 does not.

https://academic.oup.com/nar/article/41/22/10215/2438341
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Figure 4.

HU hypersensitivity of cells expressing sgs1 alleles with mutations in (a) the αhelical region spanning residues 25–38 and (b) the α-helical region spanning
residues 88–97. The wild-type phenotype exhibited by cells expressing W15A and
W92A mutants of Sgs1 also demonstrates that these aromatic residues are not
involved in stacking. T61P was included as a control for a disordered residue. (c)
Replacing the N-cap residue D25 with basic (D25K) or neutral (D25A) residues that
are poor N-caps, but have strong α-helical propensity, does not affect Sgs1
function. (d) Extending proline mutagenesis N-terminally of the first α-helical
region reveals additional functional residues (L9, H13, H17).
According to the NHNOE and CAΔδ values, the strongest helical region
in the first 125 residues of Sgs1 extends from residues 25 to 38. To
determine the functional distance that this helical region extends on
both sides of V29 and F30, residues were mutated according to the
expected i, i + 4 intramolecular hydrogen-bonding pattern of a
typical α-helix. The mutants using V29 as a starting point, therefore,
were D25P, I33P and I37P and those based on F30 were K26P and
Q34P. Because proline substitutions of disordered residues near the
ordered region would not be predicted to affect Sgs1 function, a T61P
mutation (IUPred disorder score: 0.73) was included as a negative
control. The sgs1-K26P, sgs1-Q34P, sgs1-I37P and sgs1-T61P mutants
exhibited wild-type levels of HU sensitivity, whereas the sgs1-D25P
and sgs1-I33P mutants were hypersensitive, with a gradual decrease
in functional impairment of Sgs1 being observed between proline
substitutions near the N-terminus of the helix and those near the Cterminus (Figure 4a). These observations are consistent with the
functional α-helix extending from residues 25 to 33.
https://academic.oup.com/nar/article/41/22/10215/2438341
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Whereas the lack of an effect of proline in position 26 argues against
K26 being an internal residue of α-helix, our findings are consistent
with K26 being in the first helical turn, more specifically in the N1
position, where proline is tolerated (54,55), whereas D25—as the Ncap residue (56)—defines the N-terminal helix boundary. Indeed, the
AGADIR algorithm (57) identified a prominent peak of helical
propensity centering on residue I33, and D25 received the highest Ncap score (Figure 5a). Consistent with the results of the DNAdamage-sensitivity assay, AGADIR predicted reduced helical content
for the D25P mutant, but not for the K26P mutant (Figure 5b).
Removing the N-cap by replacing the aspartic acid residue at position
25 with basic (D25K) or neutral (D25A) residues, which have excellent
helical propensity, but are poor N-cap residues (58), leads to Nterminal extension of the helix in AGADIR (Figure 5c). This increase
in helical content in the sgs1-D25K and sgs1-D25A mutants did not
impair Sgs1 function in vivo (Figure 4c).

https://academic.oup.com/nar/article/41/22/10215/2438341

16/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

Figure 5.

AGADIR (57) prediction of the helical content of the N-terminus of Sgs1. (a) In wildtype Sgs1 (dotted line), a prominent peak of helical propensity is predicted at
residue I33 and a smaller peak at residues R10–E12. Residue D25 received the
highest N-cap score (open columns). (b) The deleterious D25P mutation is
predicted to reduce the helical content of the D25–A38 region, whereas the
nondeleterious K26P mutation is not. (c) Replacing the N-cap residue D25 with
residues that have excellent helical propensity, but are poor N-cap residues (lysine,
alanine), is not predicted to reduce helical content of the D25–A38 region, but
predicts an N-terminal extension of the helical region with a new peak of helical
content at residue Q23 in the D25A mutant and at residue L22 in the D25K mutant.

Further extending the proline mutagenesis starting from V29 toward
the N-terminus revealed wild-type levels of HU sensitivity for sgs1T21P, consistent with D25 defining the N-terminal end of the α-helix.
In contrast, the sgs1-K17P, sgs1-W15P, sgs1-H13P and sgs1-L9P
mutants were more sensitive to HU than cells expressing wild-type
Sgs1, indicating that this region is also critical for Sgs1 function
(Figure 4b and d). The stretch of consecutive positive CAΔδ values for
N8 to R11 is consistent with α-helical propensity and the HU
hypersensitivity assay suggests that it extends C-terminally to
https://academic.oup.com/nar/article/41/22/10215/2438341
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residue H17. At first sight, the negative CAΔδ value for W15 seems to
indicate that W15 is not in a transient helical structure (Figure 3d). If
this is the case then it suggests that any helical structure in the bound
state is not contiguous from residue 8 to 17. However, the
inconsistent CAΔδ value for W15 could be owing to the inaccuracies
associated with the random coil chemical shift library used for
calculating the secondary chemical shifts (50) or related to an
anomalous effect on the CA shift that results from the partial charge
of the H13 and H17 side chains. Consistent with W15 being an α-helix,
substituting the tryptophan with other residues with good helical
propensity, such as alanine or arginine, did not affect Sgs1 function in
the DNA-damage hypersensitivity assay (W15A, Figure 4b) or its
ability to induce slow growth in the sgs1Δ top3Δ strain (59). However,
α-helical content in this region could not be further assessed as
assignments, and therefore NHNOE and CAΔδ values for residues S6,
E12, H13 and K14 were not available owing to overlapping resonances
1−80

in the HSQC spectra of both Sgs1

1−125

and Sgs1

. That W15 and W92

could be changed to nonaromatic residues without increasing
sensitivity of cells to DNA damaging agents (Figure 4b) also shows
that these two residues are not involved in stacking interactions with
each other, with other aromatic residues in the region, or with DNA
(60,61), or at least that such stacking interactions are not important
for the role of Sgs1 in suppressing HU hypersensitivity.
To verify that proline mutations that cause HU hypersensitivity
indeed disrupt the α-helix between residues D25 and A38, we
1−80

analyzed the solution structure of the sgs1

-F30P mutant by NMR

(Figure 6). We found that the resonances that shifted notably in the
HSQC spectrum of the F30P mutant compared with the wild type were
limited to residues F28–A38 (Figure 6a, Merged), suggesting that
changes induced by the F30P mutation are probably localized to the
α-helix. Indeed, the consecutive positive secondary alpha carbon
chemical shifts (CAΔδ) between residues D25 and A38 in wild-type
Sgs1, which indicate the presence of α-helical secondary structure,
were markedly reduced in the F30P mutant (Figure 6b),
demonstrating that a proline at position 30 is sufficient to prevent
the formation of the α-helix between residues 25 and 38. We also
confirmed that proline mutations that disrupt α-helical content in
https://academic.oup.com/nar/article/41/22/10215/2438341
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the N8–H17 region or the D25–A38 region and cause the highest HU
sensitivity (H13P, F30P) do not affect Sgs1 expression levels and
stability (Supplementary Figure S1).

Figure 6.

HSQC spectra and secondary chemical shift (CAΔδ) analysis of the first 80 residues
1–80

of Sgs1 with a proline substitution at residue 30 (sgs1
-F30P). (a) The overlay
(Merged) of the HSQC spectra of wild-type Sgs1 (blue) and the sgs1-F30P mutant
(red) reveals shifts in the peak assignments for residues F28, V29, Q31, A32, I33,
Q34, I37 and A38, which form a transient α-helix in wild-type Sgs1. (b) Consecutive
positive secondary alpha carbon chemical shifts (CAΔδ) between residues D25–A38
in wild-type Sgs1 (open blue columns), which indicate the presence of α-helical
secondary structure in the unbound Sgs1 peptide, are markedly reduced in the
Sgs1-F30P mutant (red filled columns).

Disruption of transient α-helices impairs complex
formation between Sgs1, Top3 and Rmi1
The disordered region of Sgs1 where the transient α-helices were
identified binds to the Type-1A topoisomerase Top3 (18). To test if
https://academic.oup.com/nar/article/41/22/10215/2438341
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HU hypersensitivity caused by proline mutations in this region is
owing to the disruption of transient helices that are required for the
interaction between Sgs1 and Top3, the ability of various sgs1
mutants to form a complex with Top3 was assessed in vitro. Because
overexpression of full-length Sgs1 leads to insolubility (62,63), we
chose the N-terminal 250 residues of Sgs1 and expressed them as an
1−250

N-terminal GST fusion in E. coli. This Sgs1

fragment pulled down

endogenous Top3 from native yeast whole-cell extract in an Rmi11−250

dependent manner (Figure 7a). Similarly, binding of Rmi1 to Sgs1

was reduced in the absence of Top3 (Figure 7b), suggesting that Top3
and Rmi1 depend on each other for binding to the N-terminal 250
residues. Despite the effect on Sgs1 binding, expression levels of Top3
and Rmi1 were not affected by the absence of Rmi1 and Top3,
1−250

respectively (Figure 7c and d). Sgs1
1−160

than Sgs1

binds to Top3 more strongly

and, similar to what has been reported previously for
125−250

an Sgs1 fragment comprising residues 107–283 (19), Sgs1

did

not bind to Top3 (Figure 7e and f). When we introduced L9P, H13P,
1−250

K17P, D25P, V29P and F30P mutations into the Sgs1

fragment, its

ability to pull down Top3 from cell extracts was diminished, whereas
the T21P and K26P mutants were still able to bind Top3 (Figure 7g).
Mutations of Sgs1 that disrupted binding to Top3 also disrupted
binding to Rmi1 (Figure 7h).

https://academic.oup.com/nar/article/41/22/10215/2438341

20/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

Figure 7.

Loss of function of Sgs1 proline mutants is due to loss of Top3 and Rmi1 binding.
Sgs1 proline mutants were expressed as N-terminal GST fusions in E. coli and
purified by binding to glutathione beads. Top3 and Rmi1 were obtained from
native whole-cell extracts of yeast strains KHSY2497 (RMI1), KHSY4695 (rmi1Δ) or
KHSY4696 (RMI1.MYC), KHSY4741 (top3Δ), which express epitope-tagged Top3
and/or Rmi1 from their chromosomal loci under their native promoters. (a)
1–250

Binding of Top3 to the Sgs1
peptide is Rmi1-dependent. (b) Binding of Rmi1 to
1–250
the Sgs1
peptide is Top3-dependent. (c) Deletion of RMI1 does not lead to loss
of Top3 expression. (d) Deletion of TOP3 does not lead to loss of Rmi1 expression.
1–250
1–160
(e) The Sgs1
peptide binds Top3 more strongly than the shorter Sgs1
125–250

peptide. (f) The Sgs1
peptide does not bind Top3, indicating that critical
residues for Top3 binding are located in the first 125 residues of Sgs1. (g) Proline
mutations at L9, H13, K17, D25, V29 and F30, but not at T21 and K26, reduce
1–250
binding of Sgs1
to Top3. (h) Proline mutations at H13 and F30, which reduce
1–250

binding of Sgs1

to Top3, also reduce binding to Rmi1.

Integrity of transient α-helices is critical for
maintaining chromosomal stability

https://academic.oup.com/nar/article/41/22/10215/2438341
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Lack of Sgs1 or disruption of its conserved C-terminal helicase core
domain leads to mitotic hyperrecombination and a moderate increase
in the accumulation of gross-chromosomal rearrangements (GCRs),
including translocations between nonallelic sites (39,64,65). To
determine if the inability of Sgs1 to interact with Top3 and Rmi1 also
leads to increased genome instability, we tested the ability of D25P,
K26P, V29P, F30P and I33P mutants of full-length Sgs1 expressed
from a CEN/ARS plasmid to suppress the elevated GCR rate of an sgs1Δ
mutant. Mirroring the results of the HU hypersensitivity assay, D25P,
V29P, F30P and I33P were unable to complement the defects of sgs1Δ
cells, whereas cells expressing the K26P mutant accumulated GCRs at
a similar rate as cells expressing wild-type Sgs1 (Table 1).
Table 1. Effect of proline substitutions in the transient α-helix between residues
D25 and A38 of Sgs1 on the rate of accumulating GCRs
r

a

r

Relevant
genotype

Plasmid

GCR rate (Can
r
−8
5–FOA × 10 )

95% CI (Can
r
−8
5-FOA × 10 )

Increase over
wild type
(SGS1)

SGS1

pKHS481

58

34–73

1

sgs1-D25P

pKHS494

334

260–789

6

sgs1-K26P

pKHS500

71

39–132

1

sgs1-V29P

pKHS492

320

189–352

6

sgs1-F30P

pKHS482

704

194–996

12

sgs1-I33P

pKHS496

211

165–255

4

a

95% confidence intervals were calculated according to Nair (40), with

nonoverlapping confidence intervals indicating statistically significant differences
(α < 0.05) between median GCR rates.

DISCUSSION
In the prokaryote-to-eukaryote transition, some members of the
RecQ helicase family acquired long N-terminal regions that precede
the ATPase domain of the helicase core. In Sgs1, the only RecQ
https://academic.oup.com/nar/article/41/22/10215/2438341
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homolog in S. cerevisiae, this N-terminal region is ∼650 amino acids
long, making up ∼45% of the 1447-residue long protein. This entire
region is predicted to be intrinsically disordered and to contain
several short segments of transient secondary structure (Figure 1).
Using NMR spectroscopy, we have demonstrated that the first 125
residues of this N-terminal region of Sgs1 are intrinsically disordered
in the unbound solution state with two short segments, between
residues 25–38 and 88–97, that adopt transient α-helical structure.
Transient α-helices in disordered regions of proteins are often
stabilized by interactions with a binding partner (43–45,66,67). This
principle was used to rationally design single residue substitutions
that disrupted the transient α-helical structures of residues 25–38
and 88–97, and the effects of these mutations on Sgs1 function were
tested in vitro and in vivo. Substitution of residues D25, V29, F30 and
I33 with the α-helix breaker proline impaired Sgs1 function in vivo, as
evidenced by increased sensitivity to DNA damage and increased
chromosome instability, and reduced binding of Top3 and Rmi1 to
Sgs1 in vitro. Additional proline mutagenesis following the i, i − 4 αhelix pattern revealed that L9, H13 and K17 were critical for the same
Sgs1 functions as the D25–A38 α-helix.
Our work demonstrates that the integrity of a transient α-helix is
required for the in vivo function of Sgs1 and the binding of Sgs1 to
Top3 and Rmi1. This helps explain why previous attempts to identify
functionally critical single residues through alanine scanning of the
region were unsuccessful (K4A, P5A, L9A) (68). Alanine scanning is
often useful for identifying residues important for catalytic function,
such as the ATPase activity of Sgs1 (K706A in the Walker A motif).
However, the effectiveness of this approach to detect functionally
important structural motifs in disordered segments, such as
transient α-helices, is hampered by the high helical propensity of
alanine and will depend on whether the substitution occurs at a
residue that forms part of the binding interface (58). Substitution
with lysine and valine residues, which also have excellent helical
propensity, also had no effect on Sgs1 function (D25K, Figure 4c;
D25V (59), whereas a proline substitution at this same residue
disrupted function (D25P, Figure 4a). Even amino acid residues that
have lower helical propensity and are therefore not commonly found
https://academic.oup.com/nar/article/41/22/10215/2438341
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in α-helices, such as glycine and serine, are not necessarily successful
at disrupting transient α-helices when introduced as single-residue
substitutions. For example, the E12G and H13S mutations by
themselves were insufficient to disrupt the interaction between Sgs1
and Top3, but were effective when combined (68). Rationally
designing mutations based on residue-specific knowledge of
transient secondary structure provided a direct test of
structure/activity relationships for Sgs1 (and presumably other IDPs)
that could only be realized by combining a high-resolution structural
approach, like NMR, with the in vivo and in vitro functional tests that
can be performed in a model organism like S. cerevisiae. While this
type of multiscale approach has commonly been used to interrogate
structure/activity relationships for ordered proteins, the widespread
application of this approach to IDPs/IDRs has been hampered by a
lack of understanding of the general rules that connect their dynamic
structures to their function. We believe our study helps clarify an
approach that can be consistently applied to identify the functionally
critical regions of IDPs/IDRs.
What functional advantages might the long, intrinsically disordered
N-terminal tail provide to Sgs1? One possibility is that it contains
multiple protein interaction sites, in addition to Top3/Rmi1. This
hypothesis is supported by multiple dips below the 0.5 threshold in
the IUPred plot (Figure 1) and the fact that Sgs1 binds Top2, Rad16,
Rpa70, Dna2 and Mre11 at sites that map to the disordered Nterminus, although the discrete binding sites have not been identified
(6–8,13). Sgs1 may need to bind several of these proteins,
sequentially or concurrently, in the same process. For example, the
Sgs1/Top3/Rmi1 complex is instrumental in DNA resection during
double-strand break (DSB) repair in a reaction analogous to that
performed by the RecBCD complex in bacteria. In this model, which
was recently proposed by Cejka et al. (13), the Sgs1/Top3/Rmi1
complex is first recruited to the DSB by physically interacting with
the Mre11 subunit of the Mre11/Rad50/Xrs2 complex. Subsequently,
the Sgs1/Top3/Rmi1 complex physically interacts with Dna2 to
stimulate preferential degradation of the 5′-end and with replication
protein A (RPA) to protect the 3′-end. Still other physical interactions
at the N-terminal tail, including those with Rad16 and Top2, are
https://academic.oup.com/nar/article/41/22/10215/2438341
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likely to be important for roles of the Sgs1/Top3/Rmi1 complex in
DNA repair and chromosome segregation. Conformational flexibility
may also be crucial to accommodating the various structures and
sizes of DNA substrates that the Sgs1/Top3/Rmi1 complex acts on,
which range from simple double-stranded or splayed ends to
hairpins, quadruplexes, Holliday junctions and telomeres.
In E. coli, RecQ and Top3 interact functionally, but not physically. One
advantage of gaining physical contact between Sgs1 and Top3 would
be the ability of one subunit in the complex to regulate another
subunit’s enzymatic activity. Tight coordination between a Type-IA
topoisomerase activity, such as exhibited by Top3, and DNAdependent ATPase activity, such as exhibited by the helicase core of
Sgs1, can be seen in the reverse gyrases of thermophile and
hyperthermophile bacteria and archaea, where the two activities are
either contained in a single polypeptide (69,70) or are encoded by two
separate genes (71). In these enzymes, the topoisomerase domain has
been found to reduce the activity of the helicase-like ATPase domain
(72) and, conversely, the ATPase domain has been shown to inhibit
the supercoil relaxation activity of the topoisomerase subunit to
induce positive supercoiling (71). Inhibition of the helicase activity of
the human Werner syndrome helicase WRN by its associated Type-1B
topoisomerase Topo I hints at the possibility of coordination between
the two activities also in RecQ-like helicases. Similarly, in Sgs1,
deletion of the Top3 contact site (sgs1Δ1-158) causes a more severe
phenotype than that caused by the absence of Sgs1 (3), which could be
explained by Top3 binding having an inhibitory effect on the ATPase
activity of Sgs1.
The interaction with a Type-1 topoisomerase has been preserved in at
least four of the five human RecQ-like helicases: BLM, WRN, RecQL1
and the long isoform of RecQL5. Like Sgs1, BLM and WRN interact
with Topo IIIα (Type IA) and Topo I (Type IB), respectively, at the far
end of a long N-terminal tail (12). Human RecQL1 was also found to
interact with Topo IIIα, whereas the long isoform of RecQL5
(RecQL5β) co-immunoprecipitated with Topo IIIα and Topo IIIβ
(10,11). The predicted helical content of the N-terminus of BLM does
not resemble that of the Top3/Rmi1 contact site between residues 25
and 38 in Sgs1, which appears to be the result of a proline substitution
https://academic.oup.com/nar/article/41/22/10215/2438341
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in BLM at position 30 (Figure 8a). Instead, the helical content in the
segment starting with residue L9, which is weak in Sgs1, is predicted
to be dominant in BLM. Thus, although both BLM and Sgs1 interact
with topoisomerase 3 at the N-terminus, the structural elements in
the two proteins that mediate this interaction may not be conserved.
This is also supported by the finding that the C-terminal 156 residues
of BLM also bind to Topo IIIα (12), whereas only the N-terminus of
Sgs1 interacts with Top3. Strikingly, the predicted helical content for
residues N23 to R36 in WRN is nearly a perfect match to that of the
confirmed α-helix in Sgs1 (Figure 8b). However, WRN has not been
shown to interact with Topo IIIα (10), possibly owing to the insertion
of the exonuclease domain just downstream of this site, and it will be
interesting to test if residues N23–R36 of WRN can provide a contact
site for the Top3/Rmi1 complex when placed in Sgs1. In the case of S.
pombe Rqh1, the first 322 N-terminal residues are required for
interaction with Top3 (9). Although helical content is not predicted
for the first 100 residues of this region, noticeable helical content is
evident for the 27-residue region between residues H264 and R291
and the 15-residue region between residues D112 and Q127, which
could be investigated as putative Top3 binding sites (Supplementary
Figure S2). Although Topo IIIα also binds full-length RecQL1 and
RecQL5 (10,11), the binding regions in these two human RecQ
homologs have not yet been narrowed down.

https://academic.oup.com/nar/article/41/22/10215/2438341
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Figure 8.

Helical content prediction for the N-termini of Sgs1, WRN and BLM by AGADIR (57).
(a) In human BLM, which binds to the human Top3 homologue Topo IIIα, a
prominent peak of helical content is predicted at residues Q12 and L13, which
corresponds to the small R10–E12 peak in Sgs1. A peak corresponding to that at
residue I33 in Sgs1 is not predicted in BLM, in part because of a proline residue at
position 30. (b) The distribution of predicted helical content for the N-terminus of
human WRN, which binds to Topo I, but has not been shown to bind to Topo IIIα, is
similar to Sgs1, with two prominent peaks at residues E10 and A30, corresponding
to similar peaks at R10–E12 and I33 in Sgs1.
Applying the same NMR-based structure–function analysis to the
remaining 525 residues of the disordered N-terminal tail of Sgs1 (and
the tails of the other long RecQ-like helicases) will help to identify
additional structural elements, either transient or persistent, that
serve as molecular recognition elements for protein partners or DNA,
and allow for the rational design of new separation of function alleles
that encode mutants of RecQ-like helicases with single residue
substitutions that are defective in discrete cellular functions.

FUNDING
National Institutes of Health [R01GM081425 to K.H.S.]; American
Cancer Society [RSG0728901GMC to G.W.D.]; National Science
Foundation [MCB0939014 to G.W.D.]. Funding for open access
charge: NIH [R01GM081425 to K.H.S.].
Conflict of interest statement. None declared.

ACKNOWLEDGEMENTS
https://academic.oup.com/nar/article/41/22/10215/2438341

27/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

We thank Wade Borcherds for assistance with NMR data processing
and analysis, Salahuddin Syed for technical assistance and other
members of the Schmidt and Daughdrill laboratories for helpful
discussions. We also thank Dr Steven Brill (Rutgers University) for
sending plasmid pRS415-SGS1 (pSM100) and Dr Richard Kolodner
(Ludwig Institute for Cancer Research, University of California, San
Diego) for yeast strain RDKY3837.

REFERENCES
1 Karow JK, Wu L, Hickson ID. RecQ family helicases: roles in cancer and
aging, Curr. Opin. Genet. Dev., 2000, vol. 10 (pg. 32-38)
Google Scholar

Crossref

PubMed.

WorldCat
2 Gangloff S, McDonald JP, Bendixen C, Arthur L, Rothstein R. The yeast type I
topoisomerase Top3 interacts with Sgs1, a DNA helicase homolog: a potential
eukaryotic reverse gyrase, Mol. Cell. Biol., 1994, vol. 14 (pg. 8391-8398)
Google Scholar

Crossref

PubMed.

WorldCat
3 Mullen JR, Kaliraman V, Brill SJ. Bipartite structure of the SGS1 DNA helicase in
Saccharomyces cerevisiae, Genetics, 2000, vol. 154 (pg. 1101-1114)
Google Scholar

PubMed.

WorldCat

4 Bernstein DA, Zittel MC, Keck JL. High-resolution structure of the E. coli RecQ
helicase catalytic core, EMBO J., 2003, vol. 22 (pg. 4910-4921)
Google Scholar

Crossref

PubMed.

WorldCat
Pike AC, Shrestha B, Popuri V, Burgess-Brown N, Muzzolini L, Costantini S,
5 Vindigni A, Gileadi O.
Structure of the human RECQ1 helicase reveals a putative strand-separation
pin, Proc. Natl Acad .Sci. USA, 2009, vol. 106 (pg. 1039-1044)
Google Scholar

Crossref

WorldCat

6 Chiolo I, Carotenuto W, Maffioletti G, Petrini JH, Foiani M, Liberi G. Srs2 and
Sgs1 DNA helicases associate with Mre11 in different subcomplexes following

https://academic.oup.com/nar/article/41/22/10215/2438341

28/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

checkpoint activation and CDK1-mediated Srs2 phosphorylation, Mol. Cell.
Biol., 2005, vol. 25 (pg. 5738-5751)
Google Scholar

Crossref

PubMed.

WorldCat
7 Saffi J, Feldmann H, Winnacker EL, Henriques JA. Interaction of the yeast
Pso5/Rad16 and Sgs1 proteins: influences on DNA repair and aging, Mutat.
Res., 2001, vol. 486 (pg. 195-206)
Google Scholar

Crossref

PubMed.

WorldCat
8 Watt PM, Louis EJ, Borts RH, Hickson ID. Sgs1: a eukaryotic homolog of E. coli
RecQ that interacts with topoisomerase II in vivo and is required for faithful
chromosome segregation, Cell, 1995, vol. 81 (pg. 253-260)
Google Scholar

Crossref

PubMed.

WorldCat
9 Ahmad F, Stewart E. The N-terminal region of the Schizosaccharomyces pombe
RecQ helicase, Rqh1p, physically interacts with Topoisomerase III and is
required for Rqh1p function, Mol. Genet. Genomics, 2005, vol. 273 (pg. 102-114)
Google Scholar

Crossref

PubMed.

WorldCat
Johnson FB, Lombard DB, Neff NF, Mastrangelo MA, Dewolf W, Ellis NA,
10 Marciniak RA, Yin Y, Jaenisch R, Guarente L.
Association of the Bloom syndrome protein with topoisomerase kIIIalpha in
somatic and meiotic cells, Cancer Res., 2000, vol. 60 (pg. 1162-1167)
Google Scholar

PubMed.

WorldCat

11 Shimamoto A, Nishikawa K, Kitao S, Furuichi Y. Human RecQ5beta, a large
isomer of RecQ5 DNA helicase, localizes in the nucleoplasm and interacts with
topoisomerases 3alpha and 3beta, Nucleic Acids Res., 2000, vol. 28 (pg. 16471655)
Google Scholar

Crossref

PubMed.

WorldCat
12 Wu L, Davies SL, North PS, Goulaouic H, Riou JF, Turley H, Gatter KC,
Hickson ID.
The Bloom's syndrome gene product interacts with topoisomerase III, J. Biol.
Chem., 2000, vol. 275 (pg. 9636-9644)

https://academic.oup.com/nar/article/41/22/10215/2438341

29/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

Google Scholar

Crossref

PubMed.

WorldCat
Cejka P, Cannavo E, Polaczek P, Masuda-Sasa T, Pokharel S, Campbell JL,
13 Kowalczykowski SC.
DNA end resection by Dna2-Sgs1-RPA and its stimulation by Top3-Rmi1 and
Mre11-Rad50-Xrs2, Nature, 2010, vol. 467 (pg. 112-116)
Google Scholar

Crossref

PubMed.

WorldCat
14 Mullen JR, Nallaseth FS, Lan YQ, Slagle CE, Brill SJ. Yeast Rmi1/Nce4 controls
genome stability as a subunit of the Sgs1-Top3 complex, Mol. Cell.
Biol., 2005, vol. 25 (pg. 4476-4487)
Google Scholar

Crossref

PubMed.

WorldCat
15 Raynard S, Bussen W, Sung P. A double Holliday junction dissolvasome
comprising BLM, topoisomerase IIIalpha, and BLAP75, J. Biol.
Chem., 2006, vol. 281 (pg. 13861-13864)
Google Scholar

Crossref

PubMed.

WorldCat
Chang M, Bellaoui M, Zhang C, Desai R, Morozov P, Delgado-Cruzata L,
16 Rothstein R, Freyer GA, Boone C, Brown GW.
RMI1/NCE4, a suppressor of genome instability, encodes a member of the
RecQ helicase/Topo III complex, EMBO J., 2005, vol. 24 (pg. 2024-2033)
Google Scholar

Crossref

PubMed.

WorldCat
17 Duno M, Thomsen B, Westergaard O, Krejci L, Bendixen C. Genetic analysis of
the Saccharomyces cerevisiae Sgs1 helicase defines an essential function for
the Sgs1-Top3 complex in the absence of SRS2 or TOP1, Mol. Gen.
Genet., 2000, vol. 264 (pg. 89-97)
Google Scholar

Crossref

PubMed.

WorldCat
18 Fricke WM, Kaliraman V, Brill SJ. Mapping the DNA topoisomerase III binding
domain of the Sgs1 DNA helicase, J. Biol. Chem., 2001, vol. 276 (pg. 8848-8855)
Google Scholar

Crossref

PubMed.

WorldCat
https://academic.oup.com/nar/article/41/22/10215/2438341

30/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

19 Bennett RJ, Noirot-Gros MF, Wang JC. Interaction between yeast sgs1 helicase
and DNA topoisomerase III, J. Biol. Chem., 2000, vol. 275 (pg. 26898-26905)
Google Scholar

PubMed.

WorldCat

20 Mirzaei H, Syed S, Kennedy J, Schmidt KH. Sgs1 truncations induce genome
rearrangements but suppress detrimental effects of BLM overexpression in
Saccharomyces cerevisiae, J. Mol. Biol., 2011, vol. 405 (pg. 877-891)
Google Scholar

Crossref

PubMed.

WorldCat
21 Brown CJ, Johnson AK, Daughdrill GW. Comparing models of evolution for
ordered and disordered proteins, Mol. Biol. Evol., 2010, vol. 27 (pg. 609-621)
Google Scholar

Crossref

PubMed.

WorldCat
22 Brown CJ, Johnson AK, Dunker AK, Daughdrill GW. Evolution and
disorder, Curr. Opin. Struct. Biol., 2011, vol. 21 (pg. 441-446)
Google Scholar

Crossref

PubMed.

WorldCat
23 Dyson HJ, Wright PE. Intrinsically unstructured proteins and their
functions, Nat. Rev. Mol. Cell Biol., 2005, vol. 6 (pg. 197-208)
Google Scholar

Crossref

PubMed.

WorldCat
24 Uversky VN, Gillespie JR, Fink AL. Why are “natively unfolded” proteins
unstructured under physiologic conditions?, Proteins, 2000, vol. 41 (pg. 415427)
Google Scholar

Crossref

PubMed.

WorldCat
25 Tompa P, Fuxreiter M, Oldfield CJ, Simon I, Dunker AK, Uversky VN. Close
encounters of the third kind: disordered domains and the interactions of
proteins, Bioessays, 2009, vol. 31 (pg. 328-335)
Google Scholar

Crossref

PubMed.

WorldCat
26 Dunker AK, Brown CJ, Lawson JD, Iakoucheva LM, Obradovic Z. Intrinsic
disorder and protein function, Biochemistry, 2002, vol. 41 (pg. 6573-6582)
Google Scholar

Crossref

PubMed.

WorldCat
https://academic.oup.com/nar/article/41/22/10215/2438341

31/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

27 Wright PE, Dyson HJ. Intrinsically unstructured proteins: re-assessing the
protein structure-function paradigm, J. Mol. Biol., 1999, vol. 293 (pg. 321-331)
Google Scholar

Crossref

PubMed.

WorldCat
Dunker AK, Lawson JD, Brown CJ, Williams RM, Romero P, Oh JS, Oldfield
28 CJ, Campen AM, Ratliff CM, Hipps KW, et al.
Intrinsically disordered protein, J. Mol. Graph Model., 2001, vol. 19 (pg. 26-59)
Google Scholar

Crossref

PubMed.

WorldCat
29 Iakoucheva LM, Brown CJ, Lawson JD, Obradovic Z, Dunker AK. Intrinsic
disorder in cell-signaling and cancer-associated proteins, J. Mol.
Biol., 2002, vol. 323 (pg. 573-584)
Google Scholar

Crossref

PubMed.

WorldCat
30 Tompa P, Dosztanyi Z, Simon I. Prevalent structural disorder in E. coli and S.
cerevisiae proteomes, J. Proteome Res., 2006, vol. 5 (pg. 1996-2000)
Google Scholar

Crossref

PubMed.

WorldCat
31 Vise PD, Baral B, Latos AJ, Daughdrill GW. NMR chemical shift and relaxation
measurements provide evidence for the coupled folding and binding of the
p53 transactivation domain, Nucleic Acids Res., 2005, vol. 33 (pg. 2061-2077)
Google Scholar

Crossref

PubMed.

WorldCat
32 Kay LE, Keifer P, Saarinen T. Pure absorption gradient enhanced
heteronuclear single quantum correlation spectroscopy with improved
sensitivity, J. Am. Chem. Soc., 1992, vol. 114 (pg. 10663-10665)
Google Scholar

Crossref

WorldCat

33 Kay LE, Xu GY, Yamazaki T. Enhanced-sensitivity triple-resonance
spectroscopy with minimal H2O Saturation, J. Magn. Reson. Ser.
A, 1994(pg. 129-133)
Google Scholar

WorldCat

34 Wittekind M, Mueller L. HNCACB, a high-sensitivity 3D NMR experiment to
correlate amide-proton and nitrogen resonances with the alpha- and betacarbon resonances in proteins, J. Magn. Reson. Ser. B, 1993(pg. 201-205)
https://academic.oup.com/nar/article/41/22/10215/2438341

32/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

Google Scholar

WorldCat

35 Vise PD, Baral B, Latos AJ, Daughdrill GW. NMR chemical shift and relaxation
measurements provide evidence for the coupled folding and binding of the
p53 transactivation domain, Nucleic Acids Res., 2005, vol. 33 (pg. 2061-2077)
Google Scholar

Crossref

PubMed.

WorldCat
36 Johnson BA, Blevins RA. NMR view - a computer-program for the visualization
and analysis of Nmr data, J. Biomol. NMR, 1994, vol. 4 (pg. 603-614)
Google Scholar

Crossref

PubMed.

WorldCat
37 Gietz RD, Woods RA. Yeast transformation by the LiAc/SS carrier DNA/PEG
method, Methods Mol. Biol., 2006, vol. 313 (pg. 107-120)
Google Scholar

PubMed.

WorldCat

38 Rockmill B, Lambie EJ, Roeder GS. Spore enrichment, Methods
Enzymol., 1991, vol. 194 (pg. 146-149)
Google Scholar

Crossref

PubMed.

WorldCat
39 Schmidt KH, Pennaneach V, Putnam CD, Kolodner RD. Analysis of grosschromosomal rearrangements in Saccharomyces cerevisiae, Methods
Enzymol., 2006, vol. 409 (pg. 462-476)
Google Scholar

Crossref

PubMed.

WorldCat
40 Nair KR. Table of confidence intervals for the median in samples from any
continuous population, Sankhya, 1940, vol. 4 (pg. 551-558)
Google Scholar

WorldCat

Longtine MS, McKenzie AIII, Demarini DJ, Shah NG, Wach A, Brachat A,
41 Philippsen P, Pringle JR.
Additional modules for versatile and economical PCR-based gene deletion and
modification in Saccharomyces cerevisiae, Yeast, 1998, vol. 14 (pg. 953-961)
Google Scholar

Crossref

PubMed.

WorldCat
42 Mirzaei H, Schmidt K. Non-bloom-syndrome-associated partial and total lossof-function variants of BLM helicase, Proc. Natl Acad. Sci.
https://academic.oup.com/nar/article/41/22/10215/2438341

33/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

USA, 2012, vol. 109 (pg. 19357-19362)
Google Scholar

Crossref

WorldCat

43 Dyson HJ, Wright PE. Coupling of folding and binding for unstructured
proteins, Curr. Opin. Struct. Biol., 2002, vol. 12 (pg. 54-60)
Google Scholar

Crossref

PubMed.

WorldCat
44 Wright PE, Dyson HJ. Linking folding and binding, Curr. Opin. Struct.
Biol., 2009, vol. 19 (pg. 31-38)
Google Scholar

Crossref

PubMed.

WorldCat
45 Oldfield CJ, Cheng Y, Cortese MS, Romero P, Uversky VN, Dunker AK.
Coupled folding and binding with alpha-helix-forming molecular recognition
elements, Biochemistry, 2005, vol. 44 (pg. 12454-12470)
Google Scholar

Crossref

PubMed.

WorldCat
46 Dosztanyi Z, Csizmok V, Tompa P, Simon I. IUPred: web server for the
prediction of intrinsically unstructured regions of proteins based on estimated
energy content, Bioinformatics, 2005, vol. 21 (pg. 3433-3434)
Google Scholar

Crossref

PubMed.

WorldCat
47 Daughdrill GW, Pielak GJ, Uversky VN, Cortese MS, Dunker AK.
Buchner J, Kiefhaber T. Natively disordered proteins, Protein Folding
Handbook, 2005DarmstadtWILEY-VCH(pg. 275-357)
Google Scholar
WorldCat

Crossref

Google Preview

COPAC

48 Dyson HJ, Wright PE. Nuclear magnetic resonance methods for elucidation of
structure and dynamics in disordered states, Methods
Enzymol., 2001, vol. 339 (pg. 258-270)
Google Scholar

Crossref

PubMed.

WorldCat
49 Eliezer D. Characterizing residual structure in disordered protein States using
nuclear magnetic resonance, Methods Mol. Biol., 2007, vol. 350 (pg. 49-67)
Google Scholar

PubMed.

https://academic.oup.com/nar/article/41/22/10215/2438341

WorldCat
34/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

50 Tamiola K, Acar B, Mulder FA. Sequence-specific random coil chemical shifts
of intrinsically disordered proteins, J. Am. Chem.
Soc., 2010, vol. 132 (pg. 18000-18003)
Google Scholar

Crossref

PubMed.

WorldCat
51 Wishart DS, Sykes BD. Chemical shifts as a tool for structure
determination, Methods Enzymol., 1994, vol. 239 (pg. 363-392)
Google Scholar

Crossref

PubMed.

WorldCat
52 Dyson HJ, Wright PE. Insights into the structure and dynamics of unfolded
proteins from nuclear magnetic resonance, Adv. Protein
Chem., 2002, vol. 62 (pg. 311-340)
Google Scholar

Crossref

PubMed.

WorldCat
53 Wishart DS, Sykes BD, Richards FM. The chemical shift index: a fast and
simple method for the assignment of protein secondary structure through
NMR spectroscopy, Biochemistry, 1992, vol. 31 (pg. 1647-1651)
Google Scholar

Crossref

PubMed.

WorldCat
54 Kim MK, Kang YK. Positional preference of proline in alpha-helices, Protein
Sci., 1999, vol. 8 (pg. 1492-1499)
Google Scholar

Crossref

PubMed.

WorldCat
55 Richardson JS, Richardson DC. Amino acid preferences for specific locations
at the ends of alpha helices, Science, 1988, vol. 240 (pg. 1648-1652)
Google Scholar

Crossref

PubMed.

WorldCat
56 Aurora R, Rose GD. Helix capping, Protein Sci., 1998, vol. 7 (pg. 21-38)
Google Scholar

Crossref

PubMed.

WorldCat
57 Munoz V, Serrano L. Elucidating the folding problem of helical peptides using
empirical parameters, Nat. Struct. Biol., 1994, vol. 1 (pg. 399-409)

https://academic.oup.com/nar/article/41/22/10215/2438341

35/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

Google Scholar

Crossref

PubMed.

WorldCat
58 Serrano L. The relationship between sequence and structure in elementary
folding units, Adv. Protein. Chem., 2000, vol. 53 (pg. 49-85)
Google Scholar

Crossref

PubMed.

WorldCat
59 Bennett RJ, Wang JC. Association of yeast DNA topoisomerase III and Sgs1
DNA helicase: studies of fusion proteins, Proc. Natl Acad. Sci.
USA, 2001, vol. 98 (pg. 11108-11113)
Google Scholar

Crossref

WorldCat

60 Khamis MI, Casas-Finet JR, Maki AH. Binding of recA protein to single- and
double-stranded polynucleotides occurs without involvement of its aromatic
residues in stacking interactions with nucleotide bases, Biochim. Biophys.
Acta, 1988, vol. 950 (pg. 132-137)
Google Scholar

Crossref

PubMed.

WorldCat
61 Khamis MI, Casas-Finet JR, Maki AH. Stacking interactions of tryptophan
residues and nucleotide bases in complexes formed between Escherichia coli
single-stranded DNA binding protein and heavy atom-modified poly(uridylic)
acid. A study by optically detected magnetic resonance spectroscopy, J. Biol.
Chem., 1987, vol. 262 (pg. 1725-1733)
Google Scholar

PubMed.

WorldCat

62 Bennett RJ, Keck JL, Wang JC. Binding specificity determines polarity of DNA
unwinding by the Sgs1 protein of S, cerevisiae. J. Mol.
Biol., 1999, vol. 289 (pg. 235-248)
Google Scholar

Crossref

WorldCat

63 Bennett RJ, Sharp JA, Wang JC. Purification and characterization of the Sgs1
DNA helicase activity of Saccharomyces cerevisiae, J. Biol.
Chem., 1998, vol. 273 (pg. 9644-9650)
Google Scholar

Crossref

PubMed.

WorldCat
64 Myung K, Datta A, Chen C, Kolodner RD. SGS1, the Saccharomyces cerevisiae
homologue of BLM and WRN, suppresses genome instability and
homeologous recombination, Nat. Genet., 2001, vol. 27 (pg. 113-116)
https://academic.oup.com/nar/article/41/22/10215/2438341

36/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

Google Scholar

Crossref

PubMed.

WorldCat
65 Schmidt KH, Wu J, Kolodner RD. Control of translocations between highly
diverged genes by Sgs1, the Saccharomyces cerevisiae homolog of the Bloom's
syndrome protein, Mol. Cell. Biol., 2006, vol. 26 (pg. 5406-5420)
Google Scholar

Crossref

PubMed.

WorldCat
66 Sugase K, Dyson HJ, Wright PE. Mechanism of coupled folding and binding of
an intrinsically disordered protein, Nature, 2007, vol. 447 (pg. 1021-1025)
Google Scholar

Crossref

PubMed.

WorldCat
67 Boehr DD, Nussinov R, Wright PE. The role of dynamic conformational
ensembles in biomolecular recognition, Nat. Chem. Biol., 2009, vol. 5 (pg. 789796)
Google Scholar

Crossref

PubMed.

WorldCat
68 Onodera R, Seki M, Ui A, Satoh Y, Miyajima A, Onoda F, Enomoto T.
Functional and physical interaction between Sgs1 and Top3 and Sgs1independent function of Top3 in DNA recombination repair, Genes Genet.
Syst., 2002, vol. 77 (pg. 11-21)
Google Scholar

Crossref

PubMed.

WorldCat
69 del Toro Duany Y, Klostermeier D, Rudolph MG. The conformational flexibility
of the helicase-like domain from Thermotoga maritima reverse gyrase is
restricted by the topoisomerase domain, Biochemistry, 2011, vol. 50 (pg. 58165823)
Google Scholar

Crossref

PubMed.

WorldCat
70 del Toro Duany Y, Klostermeier D. Nucleotide-driven conformational changes
in the reverse gyrase helicase-like domain couple the nucleotide cycle to DNA
processing, Phys. Chem. Chem. Phys., 2011, vol. 13 (pg. 10009-10019)
Google Scholar

Crossref

PubMed.

WorldCat
71 Capp C, Qian Y, Sage H, Huber H, Hsieh TS. Separate and combined
https://academic.oup.com/nar/article/41/22/10215/2438341

37/38

8/8/22, 11:26 AM

transient α-helical molecular recognition element in the disordered N-terminus of the Sgs1 helicase is critical for chromosome stab…

biochemical activities of the subunits of a naturally split reverse gyrase, J. Biol.
Chem., 2010, vol. 285 (pg. 39637-39645)
Google Scholar

Crossref

PubMed.

WorldCat
72 del Toro Duany Y, Jungblut SP, Schmidt AS, Klostermeier D. The reverse
gyrase helicase-like domain is a nucleotide-dependent switch that is
attenuated by the topoisomerase domain, Nucleic Acids
Res., 2008, vol. 36 (pg. 5882-5895)
Google Scholar

Crossref

PubMed.

WorldCat

© The Author(s) 2013. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative
Creat
Commons Attribution License (http://creativecommons.org/licenses/by/3.0/),
creat
which permits unrestricted reuse, distribution, and reproduction in any medium,
provided the original work is properly cited.
© The Author(s) 2013. Published by Oxford University Press.

Supplementary data
Supplementary Data - zip file

Comments
0 Comments


https://academic.oup.com/nar/article/41/22/10215/2438341

38/38

